Introduction
The elk (Cervus elaphus) population that winters along the eastern boundaries of Rocky Mountain National Park (RMNP) and in the Estes Valley of Colorado currently numbers around 2,200 elk. Approximately 75 percent of this population summers in the alpine and subalpine regions of the park. This population has been increasing in recent decades (Lubow and others, 2002) . Approximately 150-200 elk have also been observed to winter at these high elevations and may be browsing alpine willow communities to a great extent during winter. Park management is concerned about the effects of large numbers of elk on alpine and subalpine willow and tundra communities located in the park's high central mountains (Stevens, 1980; Therese Johnson, Rocky Mountain National Park, oral commun., 2005) . Alpine willow communities are crucial to the park's population of white-tailed ptarmigan (Braun and Rogers, 1971; Braun and others, 1976) . State of Colorado biologists have reported declines in white-tailed ptarmigan (Lagopus leucurus altipetens) in core areas along Trail Ridge and have attributed the decline to willow habitat declines due to high densities of elk (Braun and others, 1991) . Former park biologist David Stevens reported significant declines in willows at long-term sites monitored in the 1970s and 1980s (Stevens, 1993) . Stevens' work, however, was limited in inference to those few plots he monitored and not to landscape scale.
White-tailed ptarmigan populations have declined about 55 percent during the period 1975-1999 in a study area on Trail Ridge in RMNP (Wang and others, 2002) . This period of decline roughly corresponds to a period of substantial increase in the Estes Valley elk population (Lubow and others, 2002) , which summers in the alpine/subalpine areas of the interior of RMNP. The elk increases were once thought to be related to the ptarmigan decline (Braun and others, 1991) , but Wang and others (2002) found no correlation between the Rocky Mountain National Park/Estes Valley elk population size and the ptarmigan population growth rate. Elk, however, may still have a long-term, time-lag negative influence upon ptarmigan populations through slower decline in willow abundance due to the elk increases. Willows might take a decade or more to decline in response to overabundance of elk, and the Wang and others (2002) analysis did not search for timelag effects.
Ptarmigan population cycles, however, may be correlated to weather. Willow communities may also be affected by changes in the climate, and climate records indicated a warming (+0.89 o C) and drying (-101.4 mm annual precipitation) trend on the low-elevation winter range of the park from 1948 to 1997 (Singer and others, 1998) . Similar climate change is likely occurring in the park's alpine regions. Average May and June temperatures recorded at Niwot Ridge Long-Term Ecological Research Site, 40 km south of the Trail Ridge area of RMNP, showed a significant increase of about 2 o C over the 2 decades from 1976 to 1996 (Wang and others, 2002) . While high levels of elk herbivory alone may not cause willow decline, herbivory coupled with climate changes may be contributing to decline of lower elevation willow communities in areas such as Yellowstone and Rocky Mountain National Parks (Wagner and others, 1995; Singer and others, 1998) .
White-tailed ptarmigan are obligate habitat specialists that require willows. White-tailed ptarmigan may use two height strata of willows. Short, often dwarf, willows or willows only 7-24 cm in height are preferred during the summer months (Frederick and Gutierrez, 1992) and during the winter months, when these areas are blown largely snow free (Braun and others, 1976; Francis Singer, U.S. Geological Survey, oral commun., 2003) . Taller shrub willows (>90 cm), more typically found at or below the treeline, are avoided when there is minimal or no snow cover (Frederick and Gutierrez, 1992) , but crowns of taller willows may become more accessible when snows get deeper and the birds gain access to buds and smaller shoots of the crown by walking on deeper snow (Braun and others, 1976; Francis Singer, U.S. Geological Survey, oral commun., 2003) .
Vegetation data were collected on 12 transects in subalpine krummholz and alpine tundra plant communities in RMNP at varying intervals over a 25-year period from 1971 to 1996. These data were never subjected to any rigorous statistical analysis to detect trends over that time period. Data that were collected include plant cover and willow height and cover. No data were collected on percent leader use of willows by elk or elk fecal pellet counts; therefore, one could not correlate trends observed in plant cover and shrub heights to any trends in elk use or increased utilization of willows. Therefore, any conclusions that changes in alpine and subalpine vegetation types are the effect of increased levels of elk herbivory are speculative. The study objectives will address the following questions:
1. What was the trend in plant cover, heights, and species composition from 1971 to 1996? 2. Was there a decline in alpine/subalpine willow heights that may have indicated decreasing habitat for white-tailed ptarmigan over the 25-year study period?
Study Area
Description of the study area has been taken from Stevens (1980) and Hobbs and others (1982) . Subalpine krummholz was defined as the ecotone between the subalpine forest and alpine tundra occurring at about 3,300-3,600 m elevation in Rocky Mountain National Park. It is characterized by an intermingling of species from both habitats. Primary plant species include stunted Engelmann spruce (Picea engelmannii) and subalpine fir (Abies lasiocarpa), often mixed with willows (Salix planifolia, S. glauca, S. brachycarpa) and low blueberry (Vaccinium spp.); sedges (Kobresia, Carex spp.), tufted hairgrass (Deschampsia caespitosa), alpine timothy (Phleum alpinum), alpine avens (Geum rossii), and clover (Trifolium spp.).
The alpine tundra zone is located above the subalpine krummholz at elevations over 3,600 m. Tundra vegetation consists of a heterogeneous cover of low sedges, Juncus spp., cushion plants, bistort (Polygonum spp.), and dwarf shrubs.
Elk migrate through these alpine and subalpine areas in large numbers in the spring and fall, and many spend the majority of the summer on the tundra slopes (Bear, 1989; Braun and others, 1991; Larkins, 1997) . A small group of elk also has wintered on the tundra (Bear, 1989; Braun and others, 1991) . Diets of elk summering in these areas consisted primarily of graminoids (62-67 percent of total diet), followed by shrubs-particularly willow (11-21 percent), with forbs accounting for the remainder of the diet (9-27 percent, Hobbs and others, 1982) .
Methods
In 1971, park biologist David Stevens established twelve 100-ft (30.5-m) transects in alpine tundra (n=8) and subalpine krummholz (n=4) areas of Rocky Mountain National Park in Colorado. Stevens selected representative sites in those vegetation communities and locales receiving the highest elk use (Stevens, 1980 (Stevens, , 1992 . Transects were chosen nonrandomly and were distributed across the alpine range in easily accessible areas of highest elk densities. Seven of these 12 transects (3 alpine, 4 subalpine) had substantial willow cover. Data on average height and percent cover of shrub species were collected, approximately once every 5 years, using the line intercept method (Canfield, 1941) . A modified Daubenmire (1959) technique was used to determine occurrence, and percent cover of herbaceous and small shrub species on transects. These samples were intended to be collected approximately once every five years. This technique involved sampling 21 (20 x 50 cm) plots distributed at 5-ft (1.52-m) intervals along the 100-ft (30.5-m) transect line.
Prior analysis of similar data from low-elevation winter range transects has identified trends in species diversity and shrub cover decline (Zeigenfuss and others, 1999) . However, as pointed out in the earlier analysis (Zeigenfuss and others, 1999) , these plots were limited in number and not randomly selected, so inference may be limited. Subalpine krummholz transects were sampled in 1971 , 1975 , 1979 , 1984 , 1989 , and 1996 . Tundra transects were sampled in 1971 , 1976 , 1979 , 1985 , 1989 , and 1996 ; however, those with willow associations were measured in 1984 instead of 1985, and one tundra turf site was only sampled in 1971, 1976, 1991, and 1996 . Orthogonal polynomial contrasts were developed to estimate linear and quadratic polynomials. The data were transformed using contrast coefficients, and the linear and quadratic effects over time were estimated by summing the transformed data for each transect. A one-sample t-test was used to test whether the effects over time were different from zero (no time effect). Analyses were performed using SAS 9.1 (SAS Institute, 2002) statistical software. Percent cover, frequency and height of shrubs for each species, genus groupings (Daubenmire data only), and major vegetation groups (graminoids, forbs, and so forth-Daubenmire data only) were analyzed over time.
I compiled a complete list of species found in the dataset and included current and former scientific names, as well as common names, for each species (see Appendix). Only two species entries out of 5 sampling sessions on 12 transects could not be discerned from the raw data. In many cases, genus and species information was included in one year, but only genus was recorded in subsequent years. When possible to determine the species (for example, only one species of the indicated genus is found in the region/habitat), I added species data to the genus data obtained from the raw data. Because in many years only genus data were available, and therefore, the genus data may fill in missing gaps for a particular species in a given year, I also ran all analyses after grouping all individual entries by genus.
Results
Average cover and height of planeleaf willows (Salix planifolia) and short-fruit willow (S. brachycarpa) declined over the 25-year period from 1971 to 1996 (figs. 1, 2). S. planifolia cover decreased 17.8 percent (P=0.1376), but this decrease was not significant at the 0.05 level. However, the average decline of 25 cm in height over the 25-year period was significant (P=0.0199, fig. 1 ). S. brachycarpa decreased an average of 20.3 percent in cover (P=0.0321) and 24 cm in height (P=0.0258, fig. 2 ) over the 25 years. Engelmann spruce (Picea engelmannii) cover and height increased coincidentally with the decrease of Salix on three transects ( fig. 3) , from no cover in 1971 to an average of 6 percent cover on two subalpine transects and 0.6 percent cover on one tundra transect, but these changes were not different from zero (P=0.13). Percent cover and frequency of grasses and lichens increased over the sampling period (table 1), while overall shrub cover and frequency decreased over this period (P<0.05), as measured using the Daubenmire technique. Percent litter cover and frequency observed responded in a quadratic fashion, increasing initially and then decreasing toward the end of the sampling period (table 1). The frequency of forb and nonvegetative cover types (rock, water, bare ground) were observed to decrease initially and then increase toward the end of the sampling period. Species data indicated changes in cover of many species over the 25-year period (tables 2 and 3). In agreement with observations of earlier reports of Stevens (1980) and Braun and others (1991) , I found increases in percent cover of tufted hairgrass (Deschampsia caespitosa), but cover of sedges (Carex elynoides), bistort (Polygonum viviparum), and bluegrasses (Poa spp.) also increased. Cover of windflower (Anemone spp.) was found to be decreasing. My analysis of the Daubenmire species composition data also found decreasing cover of willow (both S. brachycarpa and S. planifolia) similar to the line intercept data and as was observed by Stevens (1980) and Braun and others (1991) . Several species showed a quadratic response over time. Cover of bedstraw (Galium spp.) and violets (Viola spp.) increased initially, but then decreased, while alpine sandwort (Arenaria obtusiloba), chickweeds (Cerastium spp.), and king's crown (Sedum rosea) decreased early in the sampling period followed by an increase (tables 2 and 3).
The observed frequency of several species also changed over time (tables 2 and 3). Decreases in frequency of asters (Aster spp.) were observed, while frequency of C. elynoides, P. viviparum, Trisetum, Poa, fescues (Festuca spp.), gentians (Gentiana spp.)-particularly alpine gentian (Gentiana algida)-, nailworts (Paronychia spp.), clovers (Trifolium spp.) and Engelmann spruce (Picea engelmannii) increased. The sedge, Carex scopulorum, willows (Salix spp.), and bedstraw (Galium spp.) showed initial increases in frequency followed by declines. Cinquefoils (Potentilla spp.), fleabane (Erigeron spp.), chickweed (Cerastium spp.), stonecrop (Sedum spp.)-particularly king's crown (Sedum rosea)-, bog sedge (Kobresia myosuroides), louseworts (Pedicularis spp.)-particularly bracted lousewort (Pedicularis bracteosa)-, and bare ground decreased initially and then increased later in the sampling period. In only a few cases were significant changes in cover or frequency found on only subalpine krummholz or alpine tundra transects. Tufted hairgrass (Deschampsia caespitosa) cover tended to increase on krummholz transects while remaining rather stable on alpine tundra transects ( fig. 4a) . Cover of litter increased at a much greater rate on subalpine transects than alpine tundra transects ( fig. 4b) . A pattern of initial increases in cover, followed by declines was observed for Festuca on subalpine krummholz transects and Anemone and Carex on alpine tundra transects. On alpine tundra transects, cover of chickweed (Cerastium) and rock showed decreases in cover, followed by increases over the sampling period that were not observed on the subalpine krummholz transects alone. Moss frequency increased on subalpine krummholz transects over the 25-year period while it decreased, but not significantly on alpine tundra transects over the same period ( fig. 5a ). Stonecrop frequency decreased in subalpine krummholz transects, but not on alpine tundra transects ( fig. 5b ). Marsh marigold (Caltha leptosa), bedstraw (Galium) showed initial increases in frequency, followed by declines on subalpine krummholz transects. The opposite trend (decreasing then increasing frequency) was observed for Pedicularis in subalpine krummholz and bare ground, fleabane, stonecrop, and globeflower (Trollius laxus) on alpine tundra transects. 
Deschampsia caespitosa

Discussion
Alpine willow cover and height decreased strikingly from 1971 to 1996 in the surveyed subalpine and tundra communities of Rocky Mountain National Park. The collected data did not focus on the dwarf willow species (S. arctica [synonymous with S. anglorum antiplasta], S. nivalis [synonymous with S. reticulata nivalis], S. reticulata) that might provide more desirable summer forage to white-tailed ptarmigan. May and Braun (1972) found that willow species make up a smaller percentage of summer diets (6 percent) than winter (89 percent) and spring (85 percent) diets for white-tailed ptarmigan throughout Colorado. But observations of foraging behavior of hens and chicks in Rocky Mountain National Park indicated that as much as 38 percent of hen summer diets and 26 percent of chick diets consisted of S. reticulata (Allen and Clarke, 2005) . So decreases in these species, while important, might not have as significant an effect on white-tailed ptarmigan populations as the non-dwarf species. However, these dwarf species, can still form a portion of winter diets in areas blown free of snow by winter winds.
Analysis of winter ptarmigan habitat in Colorado indicated that ptarmigan use feeding sites with mean snow depths of 72.3 cm in April and mean willow height above snow of 12.4 cm (Giesen and Braun, 1992) . This would indicate that as willow heights drop below 85 cm, willow begins to become unavailable as a food for ptarmigan. Currently mean heights of S. brachycarpa and S. planifolia in the transects are well below 85 cm. However, Giesen and Braun (1992) conducted their studies in an area 80 km south of the Trail Ridge area of RMNP and snow depths may have been considerably deeper in their study area. Studies of winter habitat of white-tailed ptarmigan in Colorado indicate that female ptarmigan winter at or near timberline in dense stands of tall willow, while males winter in krummholz dominated by willows and spruce (Hoffman and Braun, 1977) . When snows are deep, these willow species are typically tall enough that the birds access them by walking on top of the snow crust, but at shorter heights the willows may now become completely covered by snow. Therefore, decreasing heights of S. brachycarpa and S. planifolia should be of concern regarding the future of white-tailed ptarmigan in the park.
Regardless of whether the heights of alpine and subalpine willows are optimal for whitetailed ptarmigan, the fact remains that these data indicate decreasing cover of willows. Based on the information available, I cannot assess whether these transects are representative of all alpine regions in the park. They were selected nonrandomly to reflect areas of heavy elk use and typically tend to be close to the Trail Ridge Road corridor. If all alpine habitats in the park have received similar elk use and have experienced similar weather and human impacts, then alpine krummholz willow can be assumed to be declining throughout the park and, therefore, potentially habitat for white-tailed ptarmigan can be also be assumed to be declining. I recommend a resurvey of the lineintercept work on these transects, if feasible in 2006, to determine whether the downward trend is continuing since the previous measures in 1996. If only the line intercept sampling were done, this work could be conducted in a few days. It would also be useful to have data on percent leader use of shrubs, particularly at the end of summer, to index the degree of ungulate use of shrub species. These data were begun by David Stevens, but only for winter use, and were abandoned because of difficulty in determining use before shrubs had begun a new year's growth.
The decrease in alpine willow cover may or may not be associated with increasing elk population in the park. While many of the roughly 2,000-3,000 elk that winter on the eastern winter range inside and outside the park, spend part or all of the spring and summer on alpine ranges, there are no accurate numbers on summering elk populations. In addition, there is little information on the current size and distribution of the elk population that actually winters on the alpine range. Recent observations of elk in the alpine regions during winter aerial surveys seem to indicate that fewer elk, perhaps only 50-60, are currently wintering on the tundra (Kathryn Schoenecker, U.S. Geological Survey, unpub. Data, 2000 -2005 . Park management should consider monitoring the summer elk population size and distribution in alpine and subalpine regions of the park and also should attempt to conduct a winter survey whenever feasible. However, winter weather conditions often make it impossible to fly over the alpine regions at an altitude appropriate to observe and count individual elk. It may be possible to conduct ground surveys in both summer and winter, which may not provide an accurate population size but would at least give a minimum number of animals using even the most accessible and visible areas of the park's alpine regions. Alternatively, pellet count transects might be used to get an index of the degree of use these areas are receiving, though pellet counts are considered to be somewhat unreliable and are not good indicators of population size.
Forb and graminoid species of the subalpine and tundra did not seem to show any major declines from 1971 to 1996. There was no significant increase of exotic species in these plots. Alpine tundra environments tend to have the advantage of having low invasibility for most common North American exotics, even in disturbed areas (Weaver and others, 2001 ). Weaver attributed the poor performance of exotics on disturbed alpine areas to physical limitations that do not allow them to thrive under the short growing season in alpine regions. This fact is particularly important when considering the opportunities for exotic invasion on these grazed sites. There was overall a significant increase in frequency of bare ground, but no coincident increase in bare ground cover was observed. The increases in frequency of observations of bare ground are of interest because they could indicate that while mean bare ground cover does not appear to be increasing, the number of locations where bare ground was found increased over the 25-year period. Increases were concentrated on alpine tundra transects, which are likely the more sensitive of the two community types. If such increases were observed to continue, this could indicate problems from overgrazing and hoof action. While the concerns about invasion of exotic plant species may not be of as great a concern in the alpine as other vegetation zones, there could be loss of species and (or) loss of overall plant biomass and cover with an increase of bare ground, and recovery could take decades in this fragile environment. The absence of a significant decline in bare ground cover may be an artifact of the way the Daubenmire cover classes are set up. Four of the cover classes span a 20-25 percent range of cover. Therefore, it is possible that cover of a species, or in this case, bare ground, could change as much as 25 percent and not be detected when this method is used.
There is not a great wealth of research on the effects of grazing on alpine systems, particularly in the Rocky Mountains. Much of the work that has been conducted focuses on the Alps, Asia, and Australia (where a large component of the overall grazing pressure is from domestic livestock) or on the arctic tundra systems. Galen (1990) investigated the effects of grazing by aphids and mammalian ungulates in limiting distribution of skypilot (Polemonium viscosum) in the Rocky Mountains. This study indicated that in this species, grazing was greater on krummholz than tundra populations and that grazing led to complete loss of current year's seed crop and an 80 percent loss of net seed production over 3 years. No significant decrease in this species over the 25-year period was observed from the current data set. Similarly, a study of the subalpine forb, Ipomopsis aggregata, indicated that browsing delayed flowering phenology, and while this late flowering led to lowered rates of seed predation, the conclusion was that overall, in areas where the growing season was short, browsing led to reduced plant fitness (Freeman and others, 2003) . One might assume a similar effect of high rates of herbivory on many alpine and subalpine forbs.
Del Moral and others (1985) found that simulated grazing of a subalpine Festuca species that was dominant in fell fields reduced its yield relative to subordinate species, but a study of green fescue (Festuca viridula) in alpine regions of Mount Rainier National Park, indicated that this species is very tolerant of herbivory (Sharrow and Kuntz, 1999) . Festuca species on the RMNP transects increased in frequency of occurrence from 1971 to 1999, so there does not appear to be an adverse effect of grazing on Festuca in the park despite its moderate palatability to grazers. Two graminoid species identified by Hobbs and others (1982) as major elk diet components increased in cover on the transects described in this study, Deschampsia caespitosa and a Carex species (C. elynoides). Deschampsia is considered to be of low palatability to grazers, but alpine Carex species tend to be moderately palatable. These increases may or may not be due to grazing by elk. Without further information on the levels of elk use at these and other sites in the park, one cannot conclude any reason as to the cause of these increases.
Long-term grazing can alter carbon dioxide and nitrogen dynamics in alpine grasslands (Welker and others, 2004) . Grazed areas had higher soil carbon and nitrogen concentrations, but lower plant biomass, lower grass leaf N concentrations, and lower early and late summer N mineralization rates at some sites. This could have implications for plant production and cover under high levels of herbivory in alpine areas, but further data would need to be collected to determine whether herbivory levels in RMNP have been high enough, and for a long enough period of time, to cause these types of changes.
While there is value to continuation of the Daubenmire transects, it appears that the amount of information gained may not warrant the time and expense of monitoring more frequently than every 10 years. Furthermore, if the park wishes to have a more statistically rigorous sampling of alpine regions, more transects should be added in areas that are less accessible from the road to be sure that effects, positive or negative, of human activity on elk distribution and density are accounted for. Such a design should include random placement of transects, or stratification based on observed elk distribution and density, so that a range of elk use levels is included in the sampling.
I also recommend that there be greater consistency in the sampling, with regular sampling intervals, and consistent use of species identifying information. The data presented here suffer from this lack of consistency where one year a plant might be identified to species, another year only to genus, another year only by common name, and so forth. This leads to confusion in data analysis that might be avoided.
My recommendation is that these transects become part of a larger and appropriate inventory and monitoring program. Such a program should have a predetermined level of measurable change that is acceptable to elk and vegetation management goals of the park management staff. Data collection methods should be designed so that (1) the acceptable level of measurable change can be detected, and (2) to the greatest extent possible, existing data previously gathered on the established transects can be compared with data collected in the future under the new inventory and monitoring protocols. 
